We hypothesize that ultradian oscillators are coupled to yield a composite circadian clock in Drosophila. In such a system, period would be a function of the tightness of coupling of these oscillators, increasing as coupling loosens. Ultradian oscillations would become apparent under weak coupling or in the absence of coupling. A new technique for calculating signalto-noise ratio (SNR) for biological rhythms to characterize their precision has yielded support for this hypothesis. SNR of rhythms of the allelic series of mutations at the period ( per) locus of Drosophila melanogaster were compared. per 0 was the noisiest, grading through per L , per + , and per s , the least noisy. SNR decreases significantly with increasing period in per s , per + , and per L ; per o typically has multiple ultradian oscillations and the lowest SNR. At least 70% of per L individuals also exhibit ultradian periodicities.
The unknown oscillator responsible for the temporal organization of eukaryotes produces rhythmic fluctuations in activity from the cellular level to behavior. One way of attempting to determine the nature of this clock has been to use genetics (Feldman, 1982) . Mutations affecting either period or phase or both have been produced in several organisms, including the flies Drosophila melanogaster and Drosophila pseudoobscura, and in the mold Neurospora crassa. The first mutations affecting biological clocks were discovered by Konopka and Benzer (1971) , who found three classes of mutant alleles of the period ( per) gene in Drosophila melanogaster that have marked effects on circadian rhythms: pers and perL, with periods of approximately 19 hr and 29 hr, respectively, and per', which superficially appears to be arrhythmic. Flies lacking the per locus entirely (i.e., in which the gene is deleted, per-) also appear to be arrhythmic (Smith and Konopka, 1981;  Bargiello and Young, 1984;  Reddy et al., 1984) . However, multiple ultradian and some weak circadian rhythms are apparent in a large fraction of per' and per-individuals when data are analyzed with modern high-resolution techniques such as maximum entropy spectral analysis (MESA) (Dowse et al., 1987) . These oscillations may have been overlooked because of the widespread use of the Whittaker-Robinson periodogram to assay for rhythmicity in Drosophila (Dowse et al., 1987) .
In light of the discovery of rhythmicity in flies lacking per gene product (see Reddy et al., 1986) , we have proposed that the role of the per gene is to couple a population of ultradian oscillators to form a composite circadian clock (Dowse et al., 1987) . Pavlidis (1973) has demonstrated theoretically that a system of short-period oscillations coupled by inhibitory links can display many of the characteristics of the circadian clock. Multiple coupled ultradian oscillations have been implicated in the circadian systems of Aplysia (Jacklet and Geronimo, 1971) , squirrel monkeys (Kass et al., 1980) , and rats (Miyabo et al., 1985) . Temperature-compensated ultradian oscillators have been discovered in Tetrahymena (Michel and Hardeland, 1985) and in Acanthamoeba (Lloyd et al., 1982) . The mammalian cell cycle shows evidence of an underlying limit-cycle ultradian (3.5-4.0 hr) oscillator (Klevecz et al., 1984) . There is general quantization in circadian period and phase mutants in the form of polymodal distribution at 2to 4-hr intervals (Klevecz et al., 1984) .
In a population of weakly nonlinearly coupled oscillators, the overt period is a function both of the way in which the components are coupled, and of the number of components recruited (Pavlidis, 1973) . Many other modes of coupling are possible, and the overt period of the whole may be longer or shorter than the free-running period of the longest or shortest component, respectively (Winfree, 1980) . For example, a composite clock could have weakly coupled ultradian components, yielding a long circadian period. As a second result of this weak coupling, some components might &dquo;break away&dquo; from the whole, and free-run. These breakaway oscillations would appear in the spectrum of the rhythm as peaks in the ultradian region. Conversely, composite clocks with short circadian periods would have strongly coupled components, and few or no ultradian components could break free and be expressed independently. When there is no coupling at all, there would be no circadian periodicity ; rather, the ultradian components, or perhaps a weakly coupled subset of these components, would each appear independently in the spectrum.
Taken as a whole, the collection of per mutants superficially conforms to the predictions made by this hypothesis. Based on simple inspection of our and others' data, and on anecdotal accounts, pers rhythms are &dquo;clean,&dquo; wild-type rhythms are less so, and perL rhythms are &dquo;noisy.&dquo; Locomotor activity in per° is so noisy that ultradian rhythmic components have been overlooked (Konopka and Benzer, 1971 ; Smith and Konopka, 1981; Dowse et al., 1987 ). If the &dquo;noise&dquo; in the locomotor activity data can be quantified and characterized as coming at least in part from ultradian components, then it may be possible further to relate the ultradian components to the circadian clock itself. The hypothesis predicts specifically for the series of mutant per alleles that the longer the circadian period, the more ultradian components will be associated with it, and that in the absence of a detectable circadian period, there will be only ultradian periodicities. The hypothesis does not address the cases in which individuals are arrhythmic by our criteria (Dowse et al., 1987) . In these cases, the weak ultradian periodicities may simply be cryptic.
Quantifying noise levels in physiological time series has been heretofore impossible, primarily because biological rhythms have no consistent analytical waveform that might be used as a model of the &dquo;signal&dquo; to compare with the &dquo;noise.&dquo; We have employed a model of biological time series independent of waveform that allows calculation of signal-to-noise ratios (SNRs), irrespective of whether the behavioral data contain circadian components or not. We have applied this novel method to a variety of rhythmic (per+, perL, and pers) and supposedly arrhythmic (pero and per-) genotypes; we have been able to discriminate among them by SNR as well as by period.
MATERIALS AND METHODS
Flies were raised in a light-dark cycle (LD 12:12) at 22°C and were collected no more than 2 days after eclosion. They were transferred to individual 35-mm Petri dishes in a lighttight temperature-controlled incubator. There were no further entrainment cycles. Their locomotor activity was monitored automatically in total darkness at 22°C for periods up to 16 days using the methods of Engelmann and Mack (1978) . Event recorder charts were digitized by visually estimating the number of times the animal activated the pen each hour. Event recorder data do not accurately account for all activity, since individual events cannot be resolved when activity is heavy. This saturation is inconsequential here, however, since information about signal and rhythmicity is not seriously compromised even when data are reduced to zero crossings, provided that trend and mean are first removed (Binkley, 1973) .
For our analysis, we first applied linear regression to each data set, used the resultant equation to predict a value for each hour, and subtracted this value from the actual datum. This had the effect of eliminating any systematic linear variation in overall activity level over the course of the entire experiment, and in addition accentuated cyclic variation (Hamming, 1983) . As an added check on the validity of using event recorder data, we analyzed per+ data acquired in a different laboratory using a computer interface (D. Wheeler, unpublished data). The results were qualitatively similar, and any differences could be attributed to Wheeler's use of shorter &dquo;bins.&dquo;
In analysis of our data, we first used the correlogram to determine the presence or absence of rhythmicity, because this method is very robust (Chatfield, 1980) . For estimating periods, we employed MESA (Ables, 1974) because of its sensitivity and excellent resolution with the noisy records typical of Drosophila (Dowse et al., 1987) . The underlying method of MESA provides the basis for the SNR analysis. MESA works by fitting an autoregressive model to the data (Chatfield, 1980) , of an appropriate number of terms (order); the spectrum is subsequently constructed by Fourier analysis of the model's coefficients (Ables, 1974) . The autoregressive model assumes that as a series evolves in time, it is to some extent a function of what has preceded. A given noise-free periodic time series X,, considered here to be the &dquo;signal,&dquo; can be predicted:
where ai, a2, ... an are coefficients to be estimated from the data (Chatfield, 1980) . The function is termed a &dquo;prediction filter&dquo; (Ables, 1974; Ulrych and Bishop, 1975; Kay and Marple, 1981) . The filter length must be chosen carefully to avoid either a smoothed spectrum for too short a filter, or spurious detail if it is too long; we used Akaike's final prediction error (FPE) criterion for spectra (Ulrych and Bishop, 1975) .
The spectral analysis computer program we used fitted the model using Andersen's algorithm (Andersen, 1974) .
A periodic biological time series Y, is composed of the output of some deterministic function Xt (as above), combined with random noise, Nt, where Y, = X, + Nt. The prediction filter can be applied to the original data to generate predicted values of the rhythmic component of the series Xt. The residuals are the difference between the estimated and actual values: Y, -Xl, making these residuals an estimate of the noise function: The &dquo;power&dquo; in a time series is the ensemble average of the squared values in the series, <X7>, and the SNR is <X7>/<¡Bp¡> (Beauchamp and Yuen, 1979) .
For the calculation of SNR in this experiment, the data were conditioned by a low-pass digital filter to eliminate the short (<8 hr) part of the spectrum before the autoregressive model was fitted. We used a 1,2,3,2,1 weighted sliding mean (Hamming, 1983) . Power estimates of the remaining rhythmic components were generated from these filtered data. The rationale here stems from the empirical observation that most of the weak multiple ultradian rhythms along with true stochastic elements are shorter than 8 hr in all genotypes, including the per' and per-mutants. The latter remain rhythmic after filtering by virtue of strong individual ultradian periodicities in the range below 8 hr. The result was reliable fitting of the autoregressive function to cycles of a demonstrably deterministic nature. The order of the model was constrained to 28 elements in all cases for the SNR calculations. This was done because information about any biologically relevant period would be extracted by this number of elements. Additional elements would only produce a spuriously good fit with a falsely high SNR, since normal cycle-to-cycle fluctuation of the waveform could be incorporated into the model. The signal was taken to be the predicted time series, whereas the noise was the difference between the values predicted by the model and the original unconditioned data.
The net result of this process was that periodicities less than about 8 hr were ignored by the model-fitting procedure, and any short ultradian periodicities added their power to the noise function along with truly random white noise throughout the entire spectrum. This made decreasing SNR an indication of increasing power in the ultradian region of the spectrum. In addition, the presence of multiple oscillations in the data record could be presumed to increase random noise as well.
The results for periodicity alone have been reported elsewhere (Dowse et al., 1987) for the Old Town (OT) wild-type strain (originating in this laboratory; Wood and Ringo, 1980) , per0l, and per-. In addition, peru, perL2, per,, and Canton-S wildtype flies (from which the per mutants tested here were originally derived; Konopka and Benzer, 1971) were tested with the same analysis for periodicity. For comparative purposes, wild-type strains of Drosophila novamexicana, Drosophila virilis, and the house mouse, Mus musculus, were also tested. Mice were kept in constant low illumination, and wheel-running activity was monitored (Dowse and Palmer, 1972) for 2 weeks, to make the duration of the experiments comparable to those using flies.
Event recorder data were digitized in identical fashion. These data were taken from mice used as controls in an unrelated experiment (Dowse and Palmer, 1972) . - 
RESULTS
The results for each group of animals are arranged hierarchically in Table 1 . The noise levels were highest in per' and lowest in pers, which stood alone with exceptionally clean rhythms. The perL strains were noisier than OT wild type, and the perstrain was comparable to the null alleles. Comparisons with D. novamexicana and D. virilis showed that these species were similar to D. melanogaster wild type in the precision of their rhythms. SNRs of mice were higher than those of wild-type flies, but lower than those of the pers mutants. Mammalian rhythms are usually perceived as &dquo;clean&dquo; (M. Bennett, personal communication).
The SNRs were transformed to logarithms to equalize variances; backtransformed means and 95% confidence intervals are reported in Table 1 . For further analysis, data from perol and per-were combined (designated per-here), as were data from both wild-type strains, as well as data from peru and peru (designated perL here) ( Table 2 ). This was done to compare classes of allele and is justified by the lack of statistically significant differences within classes of allele (Tukey's HSD; Sokal and Rohlf, 1981) . Similarly, we did not find statistically significant intraclass differences in period, although biological differences may exist. For example, we observed somewhat more and stronger ultradian oscillations in perL2 than in peru, and per-appeared to be more active than any per° mutant (Hamblen et al., 1986) . The four classes of allele varied significantly for log SNR, F (3, 110) = 16.09, p < 0.0001. The rank of the means was predicted by our hypothesis. To test statistically the hypothesis of equality against this ordered alternative, we used Jonckheere's test (Lehmann, 1975) , (Wood and Ringo, 1980) . which strongly rejected the null hypothesis (z = 5.437, p < 10-'). Since pers differed from the other alleles most markedly, we removed this mean and tested against the alternative that per+ > perL > per° ; again, the null hypothesis was rejected (z = 3.723, p < 0.0001). Finally, we tested for equality of per+ and perL, t (50) = 1.293, p > 0.10) and for equality of perL and pero, t (68) = 2.229, p < 0.025). From these analyses, we conclude that pers > per+ = perL > pero.
We also hypothesized a quantitative relationship between SNR and period: the longer the period, the lower the SNR. Accordingly, log-transformed SNR was regressed on frequency for all individuals showing circadian rhythms (i.e., without the per° data) (Fig. 1 ). Periods were converted to frequencies, since the &dquo;rate&dquo; of the clock is characterized by this measure. The regression (Fig. 1 ) was statistically significant, F -17.57, p < 0.0001, r2 = 0.24 In (1 + SNR) = 26.8 FREQUENCY -0.098.
Despite the lack of significant differences between per+ and per', direct observations of spectra of perL showed the presence of obvious power in the ultradian range (Fig. 2) . The periods of the ultradian rhythms in these two flies were longer than 8 hr, and would not be filtered out before SNR analysis. In this instance, the ultradian power would be part of the signal, not the noise, and would increase rather than decrease SNR.
DISCUSSION
High-frequency components clearly increase with period length in flies having rhythms in the circadian range, but in per° mutants, the multiple short periods are accompanied by the lowest SNR, and the linear relationship breaks down (Fig. 1 ). This quantitative relationship between amount of ultradian rhythmicity evinced and circadian period lends weight to the hypothesis that they are related (Kass et al., 1980) . The proximity of allele-class means to the regression line suggests a possible role for the per gene in that relationship. A necessary corollary of this is that the activity of the gene product of per covaries with SNR; the rank order of the alleles in gene product activity is then hypothesized to be pers > per+ > perL > per°. Reanalysis of published data suggests that period is a logarithmic function of per gene dosage (Cote and Brody, 1986) .
If circadian period is indeed a function of the tightness of coupling of a population of ultradian oscillators, then this coupling may well be effected by the per gene product, a proteoglycan . This could be done structurally, by the assembly FIGURE 1. Regression of log-transformed SNR on frequency for D. melanogaster rhythms. This regression was performed on individual rather than pooled data. The means from the pooled data have been included on the graph to indicate their relative rank, and to demonstrate how closely they agree with the regression (perL, filled triangle; per+, filled square; pers, filled hexagon; per°, filled circle). Data from the per' flies were not used in the calculation, but, as with the other pooled data, the mean has been included on the graph to demonstrate how far it falls off the regression line. 95% confidence intervals are shown for genotype means of log SNR. If per° periods were the product of the hypothetical composite clock, and not component ultradian oscillations, the overt periods predicted by SNR would be nearly 49 hr. Alternatively, such short periods should have SNRs approaching 7. of neural components. In this regard, the per gene turns on briefly during the flies' short embryonic period when the central nervous system is being formed (James et al., 1986) . Alternatively, the material might be needed continuously in the adult for communication between oscillators. The substance is enriched in the head region in the adult; there is not yet any evidence whether this per product is either extracellular or membrane-bound .
If a population of oscillators is at the heart of this system, it must be fundamentally different from the one modeled by Pavlidis (1973) , since in his model, either increased coupling strength or number of recruited components increases rather than decreases period. Goodwin (1963) , however, has discussed hypothetical linked ultradian components that would oscillate at 24 hr with proper coupling strength, with 28-hr and 21hr modes as well depending solely on a single variable, the &dquo;talandic temperature,&dquo; 74 or oscillatory excitation of the system. These are remarkably similar to perl and pers periods.
If the ultradian rhythms uncovered by MESA are due to true ultradian oscillators, then these oscillators share the common property of being able to influence locomotor activity, since it is in this behavioral parameter that they are made manifest. However, there is no reason to suppose that they are similar in structure. Many different types of oscillators could be contributing to the composite clock. There is also no reason to suppose that individually these oscillators must possess properties associated with circadian clocks (e.g., temperature compensation, resistance to attack by chemicals, etc.; Bunning, 1973) , since these may be part of the behavior of the coupled system only.
SNR and MESA analysis of other rhythmic systems may reveal the composite nature of biological clocks not just in the circadian range, but at very high and very low frequencies as well. Drosophila courtship song has high-frequency rhythmic components that are affected by mutations at the per locus much as the circadian clock is (Kyriacou and Hall, 1980) , and similar mechanisms may play a role. Circadian rhythms have been postulated as components of the much longer circannual periodicities (Gwinner, 1981) , and this hypothesis might be tested. One particularly important phenomenon that could be explored is the disruption of normal rhythmicity by various experimental treatments. The putative arrhythmicity of mammals after lesions of the suprachiasmatic nucleus may be the result of dissolution into ultradian components (Rosenwasser and Adler, 1986) . Similarly, the behavior of rats and hamsters after chilling (Richter, 1975; Gibbs, 1981 Gibbs, , 1983 ) occasionally produces activity records that look remarkably like plots we have for per° flies (Dowse, unpublished data) . von Grosse (1985) has noted that the rhythmicity of Calliphora vicina shifts from circadian to ultradian (about 74 min) in constant light. In the general case, the damping out of circadian rhythms in unvarying bright light (Bunning, 1973) may be the disruption of a population of coupled oscillators.
